Indigenous populations are generally reported to suffer greater active tuberculosis (TB) disease burden. The objective of this study was to examine ecological associations between cases of active adult and pediatric TB reported from 2002 to 2004 and community characteristics in indigenous communities of the Paraguayan Chaco. Adult and pediatric models were examined by negative binomial and Poisson GLM regression, respectively. Active TB prevalence in indigenous people was eight times higher than the nonindigenous population. Communities with a health post were more than twice as likely to report active adult TB (RR = 2.07, 95% confidence interval (CI) [1.14-3.83], and < 0.05). Each additional average year of education in the community was associated with nearly 50% less likelihood of active pediatric TB (RR = 0.53, 95% CI [0.38-0.73], and < 0.001). Although nonsignificant, the presence of nonindigenous community members had a strong protective association in both the adult (RR = 0.56,, and = 0.06) and pediatric models (RR = 0.64, 95% CI [0.34-1.14], and = 0.14). These results reinforce the importance of increasing epidemiologic surveillance and investigating the social determinants of TB disease among vulnerable indigenous populations.
Introduction
A review of published data on TB disease burden in indigenous populations worldwide found that, in most cases, indigenous populations have higher rates of active TB disease than nonindigenous populations [1, 2] . These findings are consistent with growing evidence on health disparities between indigenous and nonindigenous people worldwide; across regions, macrolinguistic families, and countries, disease burden and disability rates are higher among the former when compared to their most underprivileged neighbors [2] [3] [4] .
In this study, we describe the excess burden of TB in indigenous communities in the Chaco and we attempt to isolate risk factors for TB among indigenous communities that may contribute to excess TB indigenous rates in Paraguay, and elsewhere, using accessible national census data. The significance of choosing to mine these accessible public data is twofold: (a) indigenous communities are vulnerable populations and (b) primary research on infectious diseases in remote, linguistically and culturally diverse native communities is extremely challenging.
Tuberculosis has two types of risk factors: proximate risk factors and upstream determinants [2] . Proximate risk factors can either (1) increase potential for exposure and infection, such as crowding, poorly ventilated housing, or high prevalence of untreated TB in the community, or (2) promote the transition from latent infection to active disease 2 Epidemiology Research International by impairing the host immune system, such as malnutrition, coinfections (particularly HIV), smoking, air pollution from solid fuels, alcohol abuse, and diabetes [2, 4] . The upstream determinants of TB are poverty and other markers of low socioeconomic status that are associated with greater exposure to the proximate risk factors for TB and exacerbate them in complex ways [2] .
The health situation of indigenous people is comparable to the world's poorest populations, but with the additional burdens of social and cultural marginalization, geographic and cultural barriers to accessing health services, and, in some areas, appropriation of land and natural resources [5, 6] . In addition to the risk factors and determinants previously described, some studies have identified risk factors specific to particular indigenous populations, including work in particular industries [7] , work-related migration [8] , and inequalities in access to health services [9] . This paper investigates community characteristics associated with active tuberculosis disease in indigenous communities of the Paraguayan Chaco, using the most recent census data for these communities and prevalence data from the National Tuberculosis Program from 2002 to 2004. The paper presents separate models of adult and pediatric TB, in recognition that the clinical presentation and progression of TB differs across childhood and adulthood. The number of pediatric TB cases typically indicates recent community transmission and thus the effectiveness of TB control programs [10] . In addition, the TB burden of Chacoan indigenous communities is compared with the nonindigenous population in the Chaco and with other indigenous groups worldwide.
Materials and Methods

Study Population.
The Chaco is a semiarid ecosystem that extends west from the Paraguay River and makes up approximately 60% of Paraguay's territory. In 2002, the Chaco had a total estimated population of 138,760, of which 42,964 (31.0%) were indigenous [11] . The region is sparsely populated with less than 1 person per square kilometer. The Chaco is home to 13 indigenous ethnic groups belonging to five linguistic families, but these communities share similar social organizations and subsistence practices [12] . Indigenous people in the Chaco live mostly by subsistence agriculture and wage labor, and hunting and gathering are supplementary to these activities. Periodic droughts and flooding lead to shortages of food and water in indigenous communities and there is a high rate of poverty; in 2002, 73.2% of urban and 90.3% of rural households in the Chaco had at least one Unsatisfied Basic Need (housing quality, sanitation infrastructure, access to education, or capacity for subsistence) [13] .
Tuberculosis Control Program. The Tuberculosis Control
Program in Paraguay was implementing the DOTS (Directly Observed Therapy-Short Course) treatment strategy from 2002 to 2004 and had limited coverage [14] . In 2002, 10% of the population lived in a DOTS area [15] , and by 2004 the program had expanded to 27% of the Paraguayan population [14] . It is unclear how much of the DOTS coverage was in the Chaco region; thus, we are unable to control for the effect of DOTS treatment on TB rates. The case detection rate for TB in all forms was relatively regular in Paraguay from 1995 and 2004 [16] [17] . The data for the Atlas, a compendium of demographic and socioeconomic information about ethnic groups and communities, were collected during the 2002 National Indigenous Census of Population and Households in Paraguay. Population sizes of the communities were broken into population under 15 years and population 15 years and older to divide the pediatric and adult populations of each community.
Variables from the Atlas were chosen based on how well they operationalized potential risk factors for TB (see Table 2 ). Distance from the capital of the department (in hundreds of kilometers) was used as a proxy for remoteness of the community. Remoteness represents the degree of isolation of a community as well as potential difficulty in accessing healthcare and other infrastructures. The presence or absence of a health post in the community is a measure of local healthcare access, and as the health posts are charged with reporting TB cases to the National TB Program, they also correspond to a greater likelihood of detection (detection bias). The potential for coinfections, particularly of the gastrointestinal form, was included as the percentage of community members whose primary water source is surface water. Crowding was measured as the average number of people per household in the community. Ideally, we would want to know the number of people per compartment or compartment size (i.e., square or cubic meters) in the household, but this level of detail is not available in the Atlas. The majority of houses in Chacoan indigenous communities are built of split palm trunks and/or Epidemiology Research International 3 adobe, wattle, and daub; they are similar in size and rarely have more than one room [12] .
Four variables were included as measures of socioeconomic status (SES). While most homes are constructed as previously described, some are of a more permanent construction type. The first SES variable is the percentage of households with sturdier construction (generally, brick walls and a metal roof, described as casa in the Atlas) [17] . The second SES variable is the percentage of community members engaged in wage labor. The third is level of education, which was operationalized by the average years of study of adult community members. The fourth variable is whether or not the community own their own land, which is indicative of SES as well as the infrastructure available to the community.
The final variable included in the model is the presence or absence of nonindigenous community members, a marker for the degree of social integration with general Paraguayan society. The presence of nonindigenous community members is indicative of two integrative processes: nonindigenous NGO workers, missionaries, teachers, or healthcare workers who work and live in the community and/or nonindigenous spouses who marry into indigenous families. Anecdotally, households with nonindigenous community members in the Chaco tend to have better housing and greater material wealth; thus, nonindigenous community composition may also be a proxy for SES.
The last published indigenous population census was conducted in 2002; therefore, we selected TB data from that period for analysis From this database, 532 cases of active tuberculosis in the 105 Chacoan communities identified as indigenous by the Atlas were extracted for analysis. Most TB cases were reported at the community level, but when TB cases were reported for a subdivision (aldea) of a community the subdivision was treated as an independent community. For these cases we subtracted the population of the independently reported subdivision from the community totals. The reported TB cases were sorted into six age groups: <1 year, 1-4 years, 5-14 years, 15-19 years, 20-49 years, and 50 or more years, and we separated these into <15 years and 15 years and older to divide the pediatric and adult TB cases.
Data Cleaning.
In some instances, the names of the communities reported in the National TB Program data were not easy to connect with the names given in the Atlas because a community is known by multiple names or there were multiple communities with similar names. Most of these problems could be resolved when the location and primary ethnic group of the community were further investigated in the INDI database [25] , but a few were resolved due to the authors' firsthand knowledge of the communities. One community was excluded from the analysis due to missing data.
Statistical Analysis.
All statistical analyses used R software, version 2.15.2 [26] . Correlations between the predictor variables were examined for potential collinearity and the distribution of these variables across linguistic families and departments was also analyzed (see Supplementary Material available online at http://dx.doi.org/10.1155/2015/841289). Ecological associations between pediatric and adult cases of TB from 2002 to 2004 and community characteristics were examined by Poisson GLM regression and negative binomial GLM regression, respectively, to account for overdispersion in the adult model. The Poisson regression model assumes that the variance and mean are equal, whereas the negative binomial regression model includes a dispersion parameter for a more accurate estimate of the variance and better model fit in cases where variance exceeds the value of the mean (overdispersion) [27] . The model for multivariate analysis included nine main variables extracted from the Atlas and an offset for population (see Table 2 ). Unadjusted and adjusted risk ratios were calculated from the regression coefficients for each variable in univariate and multivariate models. Odds ratios, which would be more appropriate for a crosssectional study, should be approximately equal to the risk ratios under the rare disease assumption [28] . As we are interested in identifying ecological associations of interest for future research, the multivariate models contained all of the variables to give conservative estimates of effect size in the adjusted risk ratios.
Ethics approval for this study was provided by the Institutional Review Board at Arizona State University.
Results
The period prevalence of tuberculosis cases from 2002 to 2004 and demographic characteristics of the three departments and five linguistic families in the Chaco are presented in Table 1 [1] ). When restricting the comparison to Latin America, the prevalence of TB for indigenous groups in the Chaco is on the lower end, but two of the high prevalence studies (among the Panara [23] and Yanomami [24] ) were conducted several years earlier (Figure 1) .
Descriptive statistics for the predictor variables are presented in Table 2 . Indigenous communities in the Chaco are generally remote, an average of 236 km away from their department capital. On average, these communities had 5.72 (±1.21) people per household and 2.03 (±0.91) years of education. There was large variation in the percentages of permanent houses, surface water usage, and participation in wage labour. Slightly less than half of the communities had their own health post (45.2%), and most owned their own land (62.5%). Nonindigenous community members were present in 28.8% of communities.
In the negative binomial adult model, having a health post was the only significant association with active TB, while the presence of nonindigenous community members was nearly significant (see Table 3 ). Holding all else constant, communities with a health post were more than twice as likely to report adult TB (RR = 2.07, 95% CI [1.14- were associated with minor risk reduction for active TB but had wide confidence intervals. Crowding, land ownership, and remoteness were associated with minor risk increases for active TB but had wide confidence intervals. Neither wage labour nor water source was associated with active TB.
In the Poisson pediatric model, years of study were the only significant predictor of active TB (see Table 3 ). Holding all else constant, each year increase in the average years of education in the community was associated with nearly 50% less likelihood of reporting pediatric TB (RR = 0.53, 95% CI [0.38-0.73], and < 0.001). Communities with nonindigenous community members had 36% less risk for pediatric TB (RR = 0.64, 95% CI [0.34-1.14], and = 0.14). Contrary to expectations, increased crowding was associated with a minor reduction in risk for active TB, but this result is nonsignificant. Having a health post was associated with a minor increased risk of active TB, but the confidence interval was large. House type, land ownership, remoteness, wage labour, and water source appeared to have a neutral or no association with active TB.
The goodness-of-fit statistics indicate that both models fit the data well ( = 0.21 and = 0.17, resp., for the adult and pediatric models).
Discussion
The data available for this analysis are not ideal measures, but they provide initial insight into a region with a vulnerable population and where limited information is available. The choice of predictor variables for this analysis was limited by the data available in the Atlas. The analysis could be improved with a better measure of material wealth and data on other reported risk factors for TB that were not available, such as the prevalence of smoking, alcohol abuse, and diabetes, the use of solid fuels (indoor air pollution), and food security in Chacoan communities. Using the full complement of potential risk factor variables in the calculation of adjusted risk ratios provides a conservative estimate of which factors are associated with active TB in indigenous communities and require further investigation. It is likely that the data from the National TB Program significantly underestimate the true rate of active TB in the Chaco because we suspect that some number of people die of the disease before they are diagnosed, particularly in the case of extrapulmonary TB.
In the adult model, the presence of a health post in the community was associated with increased risk of active TB disease (see Table 3 ). TB cases are more likely to be detected where there is a constant healthcare worker presence, and this may explain the strong association. Also, sometimes people from outlying communities move to communities with health posts to receive care and may live with relatives in the community while they complete treatment. Alternatively, health posts may have been built in these communities because they historically reported a higher prevalence of TB.
Interestingly, the presence of nonindigenous community members had a strong protective association against TB in both models, although the effect is only nearly significant in the adult model (see Table 3 ). As nonindigenous community members account for less than 6.9% of the population in the 30 communities where they are present, except for one outlier community with 25.8% nonindigenous members, it is unlikely that the effect is simply fewer indigenous people living in the community. The nonindigenous community members may be aid-workers, missionaries, teachers, or healthcare workers who work to improve healthcare and education, and they may improve the capacity of indigenous communities to respond to TB through these channels. However, many teachers and health promoters in indigenous communities are themselves indigenous community members: current DOTS workers in the Chaco are most often indigenous health promoters who are members of the community. Nonindigenous community members may also 6 Epidemiology Research International be spouses who have married into indigenous communities and bring greater material wealth with them. It could also be that people from communities with fewer TB cases are more likely to marry a nonindigenous person. This novel finding merits further investigation but should be interpreted with caution. It would be advisable for follow-up studies to involve indigenous communities in their design and interpretation. In the pediatric model, the average years of education in the community were associated with decreased reporting of pediatric TB cases (see Table 3 ). This relationship may be direct or indirect. Higher education levels may increase the ability of community members to identify TB symptoms as well as overcome language barriers and navigate the healthcare system and in this way may support the effectiveness of TB control programs. Higher education levels may also indirectly reduce exposure to the proximate risk factors for TB by improving access to better paying jobs and economic security, for example.
The lack of statistical significance for some of the determinants included in the model may be due to determinants that are too similar across indigenous communities, and further analysis comparing indigenous and nonindigenous people of the Chaco may reveal other important determinants of TB shared across indigenous communities. Unfortunately, the Atlas includes only indigenous community characteristics, and similar comparators were not available for nonindigenous communities.
The TB burden in indigenous communities of the Chaco region fits well within the range of variation in indigenous TB burden worldwide and further supports evidence that indigenous people generally suffer greater disease burden than nonindigenous people [1] . When compared with other South American indigenous groups (Figure 1) , the burden of disease in Chacoan indigenous groups is lower than that experienced by their indigenous neighbors. Notably, some of these other studies of South American indigenous groups involved more proactive case finding, while the active TB rates calculated in this study came from the usual reporting activities of Paraguay's National TB Program. A case detection effort dedicated to indigenous communities would undoubtedly reveal an even higher TB burden in the Chaco.
Conclusions
While the national incidence and prevalence of active TB in Paraguay are in the low range by international standards, the indigenous population in the Chaco suffers TB incidences and prevalence comparable to high-burden countries. TB prevention and control efforts are better served by focusing Epidemiology Research International 7 on specific at-risk subpopulations, like the indigenous, rather than national, statistics that dilute the scale of the problem in these communities. The data support significant associations between healthcare access and active TB disease in adults and education and active TB in children. In recent years the National TB Program in Paraguay has increased its attention in indigenous communities, and while some government and NGO initiatives are tackling the social determinants of health in indigenous communities, much work remains to be done [29] . The protective effect of a nonindigenous presence in the community is a novel finding that merits further investigation. This study provides initial clues for the disparity in active TB prevalence between indigenous and nonindigenous populations in the Chaco, but better surveillance data are needed on known risk factors and upstream determinants for TB in these vulnerable communities.
